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UH3 based hydrides with modiﬁed structure and composition can be prepared using high H2 pressures
from precursors in the form of rapidly cooled uranium alloys. While the alloys with a-U structure lead to
the b-UH3 type of hydrides, g-U alloys (bcc) lead either to a-UH3 hydride type or nanocrystalline b-UH3.
The nanocrystalline b-UH3 structure, appearing for Mo alloying, can accommodate in addition numerous
other d-metal components, as Ti, Zr, Fe, Nb. The pure Mo alloyed hydrides (UH3)1xMox exhibit increasing
Curie temperature TC with maximum exceeding 200 K for x ¼ 0.12e0.15. Other components added
reduce the TC increment with respect to pure UH3 (170 K). Also alloying by Zr gives a weaker
enhancement. Seen globally, the TC variations are rather modest, which reﬂects the prominence of
interaction of U with H. It is suggested that important ingredient is a charge transfer, depopulating the U-
6d and 7s states, while the 5f band stays at the Fermi level.
© 2016 Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
An important issue related to application of uranium and its
alloys is interaction with hydrogen. Uranium form a trihydride
existing in two structural modiﬁcations. Any contact of U metal (a-
U) with H leads to formation of the stable form b-UH3, a dark py-
rophoric powder. The other allotropic variant, a-UH3, is a transient
form which was never prepared as a pure phase, as it converts fast
into b-UH3. The crystal structure of a-UH3 is formed by the bcc
lattice of U atoms, with the volume expanded by 60% with respect
to g-U, ﬁlled by H atoms. Also b-UH3 is cubic, the unit cell is larger
and contains two different U sites. Besides the bcc-type sites 2a
there exist also 6c sites, which form linear chains with smaller U-U
spacing [1]. The shortest U-U distances are 330 pm for b-UH3 (be-
tween the 6c sites) and 360 pm for a-UH3. b-UH3 was the ﬁrst 5f
ferromagnet discovered (with the Curie temperature TC z 170 K),
and its magnetic order is undoubtedly connected with the volume
expansion, as all the phases of Umetal are Pauli paramagnets. There
exist controversial reports about magnetic properties of a-UH3.).
V. on behalf of Vietnam NationalEarlier works, cited in [1] report almost the same TC as for b-UH3,
which would be surprizing in the context of known sensitivity of
the 5fmagnetism to all kinds of variables. Later neutron diffraction
study deduced a non-magnetic ground state [2].
We explored a possibility of retaining the a-UH3 structure if the
hydrogenation starts not from pure U metal, but an alloy. Uranium
metal has three allotropic phases: a-phase with an orthorhombic
structure (space group Cmcm), b-phase with a tetragonal structure
(space group P42/mmm), and g-phase with a body centered cubic
A2-type structure (Im3m). There exists an extended literature on
possibility to retain the bcc structure, which is stable at high tem-
peratures only (above 1049 K), by admixture of diverse transition
metals. Such alloys represent important class of nuclear fuels [3],
and we had been combining the alloying with rapid cooling to
reduce the necessary concentration of dopants so as to investigate
superconducting properties at concentration close to pure bccU [4].
The a-UH3 stabilization proved successful and we found that single
phase hydrides of the type (UH3)1xZrx are formed at high
hydrogen pressures for x > 0.15 [5]. We found that magnetic
properties are indeed similar to b-UH3 and TC is even enhanced
with Zr alloying reaching 185 K for 15 at.% Zr. Ordered moments
remain close to 1.0 mB/U in all the cases. The alloying is accompa-
nied by a dramatic increase of magnetic coercivity [5].University, Hanoi. This is an open access article under the CC BY license (http://
M. Paukov et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 185e192186We can expect Zr, which has marginally larger atomic diameter
than U (rZr ¼ 160 pm, rU ¼ 156 pm), to occupy the U position in a-
UH3. Another way of UH3 alloying was identiﬁed several decades
ago. Hydrogenation of U6Fe and U6Co led to b-UH3 type hydrides,
with TC also enhanced to 173 and 185 K, respectively [6,7]. 57Fe
M€ossbauer spectroscopy study of U6FeH17, which corresponds to
(UHz2.8)0.86Fe0.14 in our notation, suggests that much smaller Fe
tends to enter the U-6c position in b-UH3 [6]. The alloyed b-UH3
hydrides can be naturally obtained from low-alloyed U precursor, in
which bcc U is absent and the alloy adopts the orthorhombic a-U
structure. This was tested e.g. for 4% Mo, and such hydrides are
much easier to work with comparing the pure UH3, as they lack the
pyrophoricity.
Higher concentrations of Mo brought a third type of hydride.
Pure bcc precursors could be prepared using Mo concentrations
>11 at.%. Such materials did not yield the a-UH3 type, but the X-ray
diffraction patterns exhibited only several very broad lines, indi-
cating an amorphous or nanocrystalline state, which can be prob-
ably associated with b-UH3 [8,9]. Recent total scattering
experiment and Pair Distribution Function analysis revealed that
such hydrides are indeed primarily based on the b-UH3 structure
motif, but the grain size is merely 1e2 nm [10]. The increase of TC
up to 203 K for Mo concentrations 12e13% is contrasting with
known suppression of the 5f magnetism observed for reduced
crystallinity for other types of U systems [11]. Similar to Zr, higher
concentrations of alloying metal lead to a reduction of TC [9]. The
general increase of TC is striking fact from the point of view of
dilution of the 5f sublattice by a weakly correlated metal as Mo or
Zr. Similarly Fe in U6Fe and the related hydride behaves as non-
magnetic element [6].
Besides the unexpected increase of ordering temperatures, the
variations of magnetic properties are relatively very modest. The
character of hysteresis loop, which depends on grain size and other
involved properties, is naturally rather different for the Mo and Zr
alloyed hydrides, but the fundamental properties as the U moment
and TC vary so little that it induces an impression that the U-H
interaction may have a dominant role instead of the U-U separation
and related band effects.
The present work reviews how the composition affects the
structure and magnetic properties in a broader context, dealing
with several alloying elements applied in the same time. Facing a
complex phase situation we have to analyze carefully not only the
crystal structure of the hydride but also of its metallic precursor.
The diversity of structure variations for the two alloying ele-
ments opened a question what happens if we use two different
alloying elements. Our experiments show that if sufﬁcient con-
centration of Mo is used, it determines the crystal structure, which
can accept also other alloying elements. We tested alloys with Mo
and Ti, Fe, Zr, Nb as a second element. Such second alloying de-
creases slightly the Curie temperature in comparison with
(UH3)1xMox and broadens the transition.2. Materials synthesis and experimental methods
U-based alloys were prepared by arc melting in Ar atmosphere.
Each ingot was turned and remelted 3 times for better homogeni-
zation of constituents. Because the alloys are not in the range of
thermodynamic stability of the bcc structure (g-U), we subse-
quently used ultrafast (splat) cooling to ensure the phase homo-
geneity. Another advantage of samples produced by splat cooling,
which are in fact foils about 100 mm thick, is that the shape allows
taking X-ray diffraction pattern from the surface. The alloys are
otherwise hard and cannot be crushed into powder. The XRD study,
performed using the Bruker D8 Advance diffractometer with Cu-Karadiation, indicated the bcc structure plus a small amount of im-
purities (UC and UO2), residing mostly at the surface.
Additional phase purity analysis was done by means of X-ray
energy dispersive microanalysis (EDX) using the scanning electron
microscope (SEM) FEI Quanta 200 FEG (ﬁeld emission gun). The
surface was prepared by mechanical polishing, followed by Ar ion
bombardment using the voltage 4 kV. The most discriminative
method for phase analysis (as we see, the a-U structure has to be
avoided in the splats if we should not end with regular b-UH3 type
of material) turned out to be Electron Back Scatter Diffraction,
preformed using Scanning electron microscope (SEM) ZEISS Auriga
Cross Beam with Field Emission Gun (FEG) and Focused Ion Beam
(FIB) equipped with Electron Back Scattered Diffraction (EBSD)
detector, X-ray energy dispersive analyzer (EDX) by EDAX-TSL. The
system allows TEM lamellae preparation, simultaneous 3D EBSD
and 3D EDX mapping. Fine details of microstructure were studied
by transmission electron microscopy (TEM) using a JEOL JEM 2000
FX microscope equipped with a thin-window X-ray energy
dispersive analyzer (EDX).
For the hydrogenation, the samples were placed in an alumina
crucible into a reactor, which could be pressurized to 150 bar of H2.
The reactor was ﬁrst evacuated down to 106 mbar and then H2 gas
was introduced. We found that minimum H2 pressure for the hy-
dride formation is, irrespective of composition, in the range
4e5 bar. Higher pressures (up to 100 bar) can only fasten the
process, but the H amount absorbed remains the same. As lower
pressures better allow to monitor the process (by recording pres-
sure variations in a closed volume) and its completion, we used as a
standard the H2 pressure of 5 bar.
The desorption in a closed evacuated volume was performed to
determine the total H concentration. The total amount of H2
released corresponds to approximately 3 H atoms per 1 U atom.
(There is some uncertainty, we obtained values in the range
2.7e3.0 H/U in different hydrides).
The hydride samples were subsequently crushed and subjected
for further structure characterization by X-ray powder diffraction.
The Physical Property Measurement System (PPMS) equipment
was used for magnetization, performed in the temperature range
2e300 K and in magnetic ﬁelds up to 14 T, using powder samples
with grains ﬁxed by a glue in a random orientation.
3. Crystal structure
3.1. U alloys with Mo or Zr
Fig. 1 illustrates the structural variations of U splats with
increasing concentration of alloying elements as seen in X-ray
diffraction. Both Mo and Zr alloying leads to a rapid suppression of
numerous a-U peaks and for 15% of Mo or Zr the structure corre-
sponds to the bcc phase, with the lattice parameters close to that
found in pure U at elevated temperatures.While the a-parameter of
U metal at T ¼ 1050 K is approx. 352 pm, extrapolation of the
temperature dependence to the room temperature gives 348 pm.
The alloying by smaller Mo atoms reduces a to 333 pm for 30% Mo
[12].
Fig. 1 indicates that distinguishing a- and g-U may be in reality
bit tricky. Most of the lines of g-U overlap with lines of a-U, and we
have to specify those of g-U which cannot be attributed to other
phases. Those are, however, weak. It turns out useful to concentrate
on the diffraction angles 35e40, where the reﬂection g(110) ap-
pears. Fig. 2 reveals that there is no sign of a-U for 12% Mo. In the
same time, the splitting of the (110) reﬂection around this con-
centration exhibits a weak tetragonal distortion, characterizing the
so-called g0 structure [12]. The splitting vanishes for 13% Mo, for
which a ¼ 344 pm was determined. Alloying with larger Zr atoms
Fig. 1. XRD pattern at different concentration of alloying for Mo (a) and Zr (b). The blue ticks indicate positions of peaks in a-U, the red ticks in g-U.
Fig. 2. XRD patterns of various Mo splats e detail.
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concentration.
The structure of the U-Zr hydrides was investigated in Ref. [5].
There is a clear correlation between the structure of the precursors
and of the respective hydrides. While (UH3)0.89Zr0.11 exhibits a
coexistence of a- and b-UH3 structure types, (UH3)0.85Zr0.15 had theconcentration of b-UH3 structure reduced to several percent, and
(UH3)0.80Zr0.20 has the a-UH3 structure only. The value az 414 pm
corresponds to approx. 60% volume expansion. For the hydrides
with Mo the XRD patterns exhibit only several broad features,
which was taken as an indicator of amorphization. However, the
Pair Distribution Function analysis revealed that the structure is
derived from the b-UH3 type, while the average grain size is merely
2 pm [10]. Such nanocrystalline hydrides are formed for Mo con-
centration 12% and more, i.e. for the pure bcc-type precursor alloy.
The hydrogenation of two-phase alloys has not been attempted.
However, the fact that the alloy U0.96Mo0.04, which forms the
orthorhombic a-U structure, yields pure b-UH3-type hydride, sug-
gests that also for Mo there is one to one correspondence between
the structure of the precursor and of the hydride, and only the bcc
U-Mo alloys lead to the nanocrystalline hydrides. This borderline
between the crystalline and nanocrystalline b-UH3 hydrides is
addressed in more detail below.
3.2. U alloys with Fe
Although Fe does not belong to the elements known to stabilize
g-U, we were inspired by the possibility to prepare the b-UH3 hy-
dride starting from U6Fe, and decided to probe if both routes of
synthesis could be combined. We compared the effect of rapid
cooling on four alloys, namely U0.90Fe0.10, U0.85Fe0.10Mo0.05,
U0.86Fe0.14 (U6Fe), and U0.85Fe0.14Mo0.01, the last corresponding to
the stoichiometry (U6Fe)0.95Mo0.05. Fig. 3 shows details of XRD
pattern for splat of the two former compositions. It shows up that
the splat cooling does not prevent the phase separation into a-U
and U6Fe for U0.90Fe0.10. Automatic reﬁnement gave 23% of a-U
phase, 72% of U6Fe, and a small amount of g-U. The phase
composition of U0.85Fe0.10Mo0.05 changes signiﬁcantly. U6Fe is still
the dominant phase (78%), the rest belong to g-U (a ¼ 354 pm),
while the contribution of a-U is negligible. The XRD pattern of U6Fe
splat (not shown here) reveals normal crystalline state. U6Fe
Fig. 3. XRD patterns of selected Fe-containing splats. Simulated patterns of all three
phases observed are plotted at the bottom.
Fig. 5. Comparison of XRD diffraction patterns of U0.90Ti0.10, U0.85Ti0.15, and
U0.78Ti0.10Mo0.12.
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temperature lattice parameters a¼ 1029.7 pm, c¼ 519.7 pm are in a
good agreement with literature data a¼ 1030.2 pm, c¼ 523.8 pm at
T ¼ 295 K [13]. Adding Mo to achieve (U6Fe)0.95Mo0.05 leaves the
XRD pattern practically unchanged. The lattice parameters differ
from the pure U6Fe case; the values a ¼ 1030.9 pm, c ¼ 523.6 pm
suggest that Mo entered, at least partly, the Fe positions, and larger
lattice parameters are due to rMo (140 pm) > rFe (126 pm). The
hydride of (U6Fe)0.95Mo0.05, (UH3)0.85Fe0.14Mo0.01, exhibits the
mixture of a- and b-UH3 structure types (see Fig. 4). Adding Mo on
the account of Fe in (UH3)0.85Fe0.10Mo0.05 is suppressing the a-
component, leaving mostly b-UH33.3. U alloys with Ti
Although Ti is freely miscible with U in the high-temperature
bcc phase, we succeeded to prepare splats only for concentrations
up to 15 at.% Ti. Attempts for higher Ti concentrations failed due to
too low surface tension of the melt. Fig. 5 demonstrates that Ti
reduces the amount of the a-U phase, but 15% Ti is not sufﬁcient to
eliminate it entirely. The majority phase is of the g-U type. The
lattice parameter a z 354 pm is higher than for the Mo alloying
case, which is clearly due larger rTi (147 pm) > rMo (140 pm).
Exploring the inﬂuence of Ti on U-Mo alloys we prepared a com-
bined alloying with 12%Mo and 10% Ti. Such alloy exhibits pure g-U
phase with small peaks splitting (not as well resolved as for
U0.88Mo0.12) indicating actually the g0 structure. The latticeFig. 4. XRD patterns of selected UH3-based hydrides containing Mo, Mo þ Fe, and Zr.parameter a ¼ 344 pm corresponds to the same concentration of
Mo without Ti (Fig 6).
The two-phase U0.90Ti0.10 alloy indeed leads to a two phase
hydride with both a- and b-UH3 with respective lattice parameters
a ¼ 413.3 pm and 660.2 pm. The latter value is signiﬁcantly smaller
than az 664 pm observed by various authors for b-UH3 [14].
U0.78Ti0.10Mo0.12 gives the same type of nanocrystalline hydride
as purely bcc alloys with Mo only. It means that Ti atoms are most
likely embedded into the nanocrystalline phase.3.4. U alloys with Nb
The U-Nb splats exhibit a gradual suppression of the a-U
phase (or its monoclinically distorted variant a’’ [15]) with
increasing Nb concentration (see Fig. 7). The development was
followed up to 15% of Nb. The lattice parameter a of the g-U
phase has a decreasing tendency (a ¼ 354.9 pm for 5 at.% Nb,
353.0 pm for 10 at.%). The concentration of 15 at %, in which the
a-U phase is almost suppressed, exhibits a tetragonal distortion,
which is expected to extend up to approx. 20% Nb [15]. The lattice
parameters related to the original bcc structure type were found
to be 343.5 pm and 356.5 pm. The hydrogenation was performed
only for 15% Nb. The hydride with the composition
(UH3)0.85Nb0.15 exhibits a mixture of the a- and b-UH3 structure
type (see Fig. 8). The line broadening is similar to
(UH3)0.85Fe0.14Mo0.01, implying a similar grain size.Fig. 6. Comparison of XRD diffraction patterns of selected hydrides with Ti compared
with simulated patterns of a- and b-UH3.
Fig. 7. XRD diffraction patterns for selected U-Nb splats. The low-angle reﬂection
marked by (*) belongs to UO2.
Fig. 8. XRD diffraction pattern of (UH3)0.85Nb0.15.
Fig. 9. Comparison of XRD diffraction patterns of selected U-Mo-Zr splats. The low-
angle reﬂection marked by (*) belongs to UO2.
Fig. 10. Comparison of XRD diffraction patterns the hydrides on the basis of the
compounds displayed in Fig. 9 in comparison with (UH3)0.96Mo0.04, which represents a
crystalline b-UH3 with very little a-UH3 type.
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structure stability
We could see above that both Mo and Zr alloying lead to the
suppression of the a-U phase. Comparing the two, Mo is more
efﬁcient g-U stabilizer than Zr. We tried to address the issue how
combined Mo and Zr alloying affects the borderline to pure g-type
of structure as determined for the present rapid solidiﬁcation
technique. As for pure Mo alloying the borderline is around
11.5 at.%, we investigated the phase composition for 10 or 8 at.% Mo
plus 3 at.% Zr. The result seen in Fig. 9 shows that there is no syn-
ergy between the Mo and Zr alloying. Although it is difﬁcult to give
a quantitative estimate based on the XRD study from the surface of
the two-phase splats containing also spurious oxides and carbides,
a comparison with Fig. 1a reveals that the addition of 3 at.% of Zr
does not suppress more the a-U phase over the level in U0.90Mo0.10,
and even more a-U structure exists for 8 at.% Mo plus 3 at.% Zr. The
a-parameter of the bcc phase (no tetragonal distortion observed)
was found to be 349.4 pm and 351.3 pm for U0.87Mo0.10Zr0.03 and
U0.89Mo0.08Zr0.03, respectively. An opposite alloying concentrations,
i.e. 10% Zr and 3% Mo do not lead to dominant g-U phase either, the
XRD pattern exhibits a noticeable peak broadening. The larger Zr
atoms contribute to lattice expansion, a ¼ 353.6 pm.
These splats were subjected, despite the two-phase nature, to
hydrogenation. Fig. 10 reveals that while the hydride based on 10%
Zr and 3% Mo alloying has its structure similar to the crystalline b-
UH3 structure of (UH3)0.96Mo0.04 (only the admixture of minority a-
UH3 phase is slightly higher). (UH3)0.89Mo0.08Zr0.03 is still similar,only the line widths suggest somewhat smaller grain size.
(UH3)0.87Mo0.10Zr0.03 is dramatically different. Broad diffraction
lines indicate an intermediate step between the crystalline and
nanocrystalline hydridewith the b-UH3 structure as the basic motif.
For 12%Mo alloying (not shown here), which suppresses the a-U
structure by itself, the addition of Zr suppresses the tetragonal
distortion. The lattice parameter is smaller than in the previous
cases, a¼ 344.3 pm for 6% Zr and 344.5 pm for 10% Zr (with 12%Mo
in both cases). Their hydrides are clearly of the nanocrystalline type
analogous to Mo only alloying.4. Magnetic properties
As the U-rich alloys are generally weak Pauli paramagnets (and
conventional superconductors in most of cases), we studied the
temperature dependence ofmagnetization of the hydrides only.We
applied various magnetic ﬁelds. The measurement in the ﬁeld of
0.05 T is particularly suitable to determine details of the Curie
temperatures. Measurements in high ﬁelds (2 and 4 T) allow to
determine reliably the paramagnetic Curie temperatures and
effective moments, as well as the ordered moments, which can be
compared with values of the magnetization studied in ﬁeld
dependence at low temperatures. The comparison of selected low-
ﬁeld magnetization data (Fig. 11) reveals that despite variability of
alloying type the TC values have only limited response. From all
Fig. 11. Temperature dependence of magnetization for selected hydrides measured in
magnetic ﬁeld moH ¼ 0.05 T in the ﬁeld-cooled mode (top). The bottom ﬁgure shows
the detail around the Curie temperatures.
Fig. 12. Temperature dependence of magnetization of the hydride of U0.85Nb0.15 in
magnetic ﬁelds m0H ¼ 0.05 T (in zero-ﬁeld-cooled and ﬁeld-cooled modes), 2 and 4 T.
The inset shows the inverse susceptibility in the paramagnetic state and the
CurieeWeiss ﬁt. The paramagnetic susceptibility is shown for (UH3)0.85Mo0.15, which is
not affected by any ferromagnetic impurity. The ﬁtting paramaters are meff ¼ 2.4 mB/f.u.,
QP ¼ 203 K.
Fig. 13. Temperature dependence of magnetic susceptibility of selected UH3-Mo, Zr
hydrides in magnetic ﬁeld moH ¼ 0.05 T measured in the ﬁeld-cooled mode.
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slightly exceeding 200 K. In this representation one can distinguish
somewhat different slope around TC. Lower slope can reﬂect
possible inhomogeneities, which broaden the onset of ferromag-
netism. Fig. 11 shows that the broadening appears visible particu-
larly for 15% Zr and Nb. The sample with 15% Nb exhibits also
another but weaker anomaly between 270 and 280 K, which can be
attributed to ferromagnetism of an impurity phase with the Curie
temperature in this range. Magnetization in higher ﬁelds has this
feature largely suppressed, which means that such phase may be
present only in a small amount. The spontaneous magnetization
corresponds to 3*103 mB/f.u. at T ¼ 250 K. This fact explains that
there is no third phase visible in the XRD pattern (Fig 12).
Fig. 13 demonstrates that a combined action of 12% Mo alloying
(responsible for reaching the single-phase nanocrystalline struc-
ture) and variable Zr alloying leads to a decrease of ordering tem-
peratures down toz180 K for (UH3)0.78Mo0.12Zr0.10. Similar TC have
also the hydrides with Fe as the main alloying element (as
(UH3)0.85Fe0.14Mo0.01) as well as for the Ti alloying (e.g.
(UH3)0.78Ti0.10Mo0.12).
The hydride (UH3)0.87Mo0.10Zr0.03, which is shown in Fig. 13 for
comparison, originates from a mixed-phase precursor alloy. The
Curie temperature appears somewhat smeared out, but can be
considered as reaching almost 205 K. The “opposite” alloying with
10% Zr and 3% Mo (not shown here) gives TC z 180 K, which is
equivalent to 10% Zr alloying without Mo [5]. As this material is
predominantly of the crystalline b-UH3 type and both structure and
TC is very similar to (UH3)0.96Mo0.04, it can indicate that on a ﬁnescale, the crystal structure can make a larger difference than
changes of the composition.
Fig. 14 illustrates major differences of hysteresis loops of the
UH3-Mo and UH3-Zr hydrides. While both exhibit large coercivity,
which actually increases with the concentration of alloying, the Zr-
alloyed UH3 has more rectangular type, with numerous erratic
steps at low temperatures (can be interpreted as Barkhausen jumps
due to domain wall pinning), while the Mo alloying leading to
nanocrystalline hydrides leads to slow saturation and a single re-
magnetization step. When we consider that the sample consists
of powder grains (typical size 1e10 mm), each containing numerous
nano-grains (size 2 nm), we have to conclude that the exchange
interaction at low temperatures exceeds the grains size, i.e. the
grains are exchange-coupled into a large interaction domains [16].
Fig. 14 also reveals the fact that the hysteresis loops can be
asymmetric both with respect to ﬁeld and magnetization axes. We
did not study these effects in detail, the asymmetry can be in
principle a minority loop effect. Alternatively we may see it as an
exchange-bias effect (the sample is in fact cooled in a small residual
ﬁeld of the superconducting coil), which may signal an antiferro-
magnetic component of exchange interactions, introduced by the
lattice randomness. It is known that the strong anisotropy in acti-
nides can be particularly favorable for exchange bias effects [17].
Fig. 14. Selected hysteresis loops (at T ¼ 1.8 K) from the UH3-Mo and UH3-Zr systems
demonstrate the differences between the two classes.
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Our study reveals that the UH3-based materials can exhibit a
large ﬂexibility of the crystal structure and chemical composition,
but there is a little impact of both on primary magnetic properties,
i.e. ordering temperature and magnetic moments. This fact can be
understood considering that in fact the stoichiometry always cor-
responds with approx. 3H atoms per 1 U atom. Such H concentra-
tion, determined in a desorption experiment with a precision of
better than 10%, suggests that uranium and hydrogen form well
deﬁned structure units, which are only weakly affected by alloying
atoms. May we call those units “molecules”? This opens the ques-
tion about the nature of U-H bonding, which must be a dominant
ingredient, if magnetism only weakly depends on structure, U-U
spacing etc. Although the resistivity of UH3 is rather high, it is
essentially metallic [18], and this holds also for the alloyed U-hy-
drides [8]. On the other hand, we have to consider a charge transfer,
as hydrogen tends to behave as an electronegative element in
contact with strongly electropositive light actinides. So we might
expect the 5f occupancy considerably reduced with respect to n5f
reaching almost 3 in most of U intermetallics, which would tend to
suppress the 5fmagnetism. However, ab-initio calculations indicate
that the 5f occupancy may even slightly increase due to H bonding,
and the depletion is restricted to the 6d and 7s states of U [5]. Such
situation is actually favorable for the 5f magnetism, as the hybrid-
ization of the 5f states with the 6d and 7s states, which are shifted
to a large extent above the Fermi level, is reduced. This can give a
qualitative explanation of “high-TC” ferromagnetism existing actu-
ally for the U-U distances below the Hill limit of 340 pm [19], which
should be a domain of superconductors. One of symptoms of pro-
found changes of electronic structure with respect to Umetal is the
Sommerfeld coefﬁcient of electronic speciﬁc heat g, reﬂecting the
density of electronic states at the Fermi level, which is effectively
enhanced by a factor of 3 in the hydrides, from10 (for a-U) to 30mJ/
mol K2 [18].
But why the TC values go actually up with alloying and/or
structure modiﬁcations? Changes of electronic structure can be
conceived as changes due to charge balance or density of states due
to alloying or we can focus on structure details. The strongest effect
was observed for Mo alloying in the nanocrystalline structure.
Conventional XRD gives in such case only limited information, but
the PDF analysis suggests that the shortest U-U links (between the
U atoms in the 6c positions) in the b-UH3 structure are disrupted
due to presence of Mo, which can explain a maximum in the pair
distribution function around 300 pm and reduction at 330 pm. Thehybridization with the Mo-4d states cannot be certainly neglected,
but it is likely to be weaker than the 5f-5f hybridization. That is
supported by the enhancement of the Sommerfeld coefﬁcient g in
the U-Mo alloys, indicating the 5f band narrowing [4]. In the hy-
dride the effect can lead therefore to more isolation of U atoms in
the 6c position, again contributing to a band narrowing, supporting
the ferromagnetism. The g-enhancement due to alloying exhibits
only small variations, the g-value per mole actually tends to
decrease due to lower U concentration, g per mole of uranium in-
creases to 34 mJ/mol U K2 for (UH3)0.75Mo0.25. One has to realize
that the experimental g is evaluated in the ferromagnetic state, i.e.
in the spin-split state already.
The character of the crystal structure plays a role at the type of
hysteresis loop at low temperatures. All the hydrides are equip-
ped, as typical 5f-band systems, by a giant magnetocrystalline
anisotropy, originating in sizeable orbital moments [20]. The high
anisotropy is prerequisite of very wide hysteresis loops, depen-
dent on pinning of domain walls or remagnetization of nano-
grains. Indeed, loops up top 10 T wide were recorded for the
alloyed U-hydrides. Considering the grain size of 2 nm, there is a
random distribution of easy-magnetization directions (the di-
rection itself has not been identiﬁed yet) on atomic scale. The
anisotropy, which is of the two-ion type, can be much stronger
than exchange interactions, U systems exhibit anisotropies of
several hundred K [20,21]. This makes the nanocrystalline hy-
drides equivalent to non-collinear ferromagnets and the approach
to saturation is very slow. The a-UH3 type hydrides, e.g. (UH3)-Zr
ones, have the hysteresis loop equally wide but of a rectangular
type.6. Conclusions
The present work gives a clear correlation between the phases
of the U alloys and of the resulting hydrides. The a-U phase always
leads to the b-UH3 type of hydride. Presence of g-U bcc phase yields
either the a-UH3 hydride (in the case of Zr alloying), or nano-
crystalline b-UH3 hydride with very small grain size (typical size
2 nm in the case of Mo alloying), while the cases of Ti, Nb, or Fe
alloying, at which a variable mixture of a-U and g-U phases occurs,
lead to the mixture of crystalline a- and b-UH3. The borderline
between the crystalline and nanocrystalline b-UH3 is not sharp, a
gradual reduction of the grain size takes place with increasing Mo
concentration suppressing the remaining a-U phase of the pre-
cursor alloy. The alloying by Zr and Mo does not show any synergy,
meaning that insufﬁcient concentration Mo cannot be compen-
sated by addition of Zr and vice versa.
Magnetic properties depend on structure and composition
changes rather weakly, which indicates prominence of the U-H
interaction, interpreted by ab-initio calculations, which suggested a
depopulation of the U-6d and 7s states. That may be the clue to the
5f band narrowing and strong ferromagnetic features in all the
hydrides, in which the Curie temperatures can be tuned to reach
over 200 K in the nanocrystalline b-UH3 case.Acknowledgments
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